Abstract: This study took place in a vegetation mosaic of the Llobregat delta (near Barcelona, Spain), which includes both natural and spontaneously restored coastal marshes. We used a dataset comprising vegetation relevés, soil parameters and water table conditions, and explored their correlation. More precisely, we classifi ed the relevés into three phytosociological alliances (namely Phragmition communis, Salicornion fruticosae and Juncion maritimi) combining the previous information available and the use of PCA ordinations. We studied whether these alliances refl ect the main operating environmental gradients (conductivity, sodium absorption rate and water table dynamics) using a GLMM (generalized linear mixed model). The PCA refl ected a fair distinctiveness of Salicornion and Phragmition, whereas Juncion was a more heterogeneous unit, related to the varying dominance of different plant species. The three alliances exhibited signifi cant differences in environmental variables and therefore the phytosociological ordination refl ected at least partially the main operating environmental gradients. However the assemblage of alliances over the gradients varied between locations, suggesting that the initial species pool or plant dispersal capacity to some extent shapes the dynamics of spontaneous restoration in these marshlands.
Introduction
The vegetation growing at a particular site refl ects how selection from the available fl ora, by the action of abiotic and biotic factors, gives a species assemblage capable of co-existing under the prevailing conditions (ADAM 1993) . In traditional ecological interpretations the outcome of these environmental conditions is refl ected by the spatial variation in the vegetation in terms of species composition. At the same time, variation in species composition can be classifi ed into a hierarchical system (e.g., through the phytosociological method) that refl ects fl oristic similarities and dissimilarities (BRAUN-BLANQUET 1979) . Phytosociological syntaxa have been shown to refl ect variation in environmental conditions in different habitat types such as meadows (HÁJEK & HÁJKOVA 2004; RODRÍ-GUEZ-ROJO & SÁNCHEZ-MATA 2006) , forests (BERGMEIER 2002; TSIRIPIDIS et al. 2007) , wetlands (HAJKOVA et al. 2006 ) and mires (CASANOVAS POCH 1996; HRIVNAK et al. 2008) . Thus, beyond their major objective of classifying plant communities (WILLNER 2006) , phytosociological units can provide a sound basis for understanding the relationships between vegetation variation and environmental gradients.
Classical views in community ecology focused on the importance of competition for resources, and assumed that populations and communities typically exist under equilibrium conditions in habitats saturated with both individuals and species (ROHDE 2005) . However, much evidence contradicts these assumptions and it is likely that non-equilibrium situations are much more widespread than formerly perceived. Indeed, there is increasing evidence of the infl uence of the founder effect (the initial pool of species) and stochastic factors on the composition of plant communities (KÖRNER et al. 2008; POSCHLOD & BIEWER 2005) .
In coastal marshes, the main gradients determining species occurrence and frequency are soil salinity and moisture (ADAM 1993; RANWELL 1972; BATRIU et al. 2011) . Waterlogging is a limiting factor for root respiration and causes a decrease in redox soil conditions, which in turn may promote the production of particular toxic substances (PEZESHKI 2001) . Salinity has three types of adverse effects on plants: (i) lowered external water potential, (ii) direct toxic effect of chloride and sodium, and (iii) interference with the uptake of nutrients (ADAM 1993) . The last two effects depend on the relative proportions of Ca 2+ , K + , Mg 2+ and Na + in the soil (GRATTAN & GRIEVE 1992) . Signifi cant differences in soil salinity or moisture have been found between phytosociological alliances (ALVAREZ ROGEL et al. 2001; MOLINA et al. 2003) and associations (BOUZILLE et al. 2001; SÁNCHEZ et al. 1998) . Other authors showed the importance of biotic factors such as facilitation (CALLAWAY & PENNINGS 2000; PENNINGS et al. 2005; RUBIO-CASAL et al. 2001 ) and competition (PENNINGS et al. 2005) in the distribution of coastal marsh vegetation. These studies indicate that marshland communities are in equilibrium with their environment. In contrast, other studies highlight the importance of historic factors for coastal marsh vegetation assemblages (BERTNESS & ELLISON 1987; COSTA et al. 2003) . Mediterranean coastal marshes are characterized by a long history of human activity, which in the past has led to a large reduction in their extent (CURCÓ et al. 2002) . However, there are also recent examples of spontaneous restoration after agricultural abandonment (PINO et al. 2009 ), although restored wetlands typically exhibit differences in their environmental conditions compared with longstanding natural sites (BRULAND & RICHARDSON 2005; LU et al. 2007 ). This may condition their suitability for some species included in the original vegetation. Moreover, some studies emphasize the importance of the initial pool of species in restoration processes (POSCHLOD & BIEWER 2005) . These initial assemblages may lead to unexpected stable vegetation formations that can persist over time (KLÖTZLI & GROOTJANS 2001) . According to PINO et al. (2009) , the land-use legacy in our study area might affect the species composition of marshland communities, though the reasons for different species assemblages within similar habitats are not always clear.
The study of vegetation dynamics in disturbed environments offers an exceptional opportunity to clarify ecological processes, according to MARGALEF (in TERRA-DAS 2001). We focused our study on the Llobregat delta, where a long history of human colonization has led to a mosaic of coastal marsh communities that include both natural and restored stands (PINO et al. 2006) . Using a set of vegetation relevés with ancillary information on soil and water table conditions monitored for at least one year, we use a phytosociological approach to answer the following questions: i) to what extent do the phytosociological units refl ect the main operating environmental gradients? and ii) what is the weight of particular site conditions such as land-use legacy or location?
Material and methods

Study sites and dataset
The Llobregat delta is a microtidal wetland area currently included in the Barcelona conurbation. Climate data obtained from the International Airport of Barcelona (located in the middle of the delta) give an average annual precipitation of 640 mm for the period 1971-2000, with a mean minimum rainfall in July (20 mm) and a mean maximum rainfall in October (91 mm). The mean annual temperature is 15.5 ºC, with a highest mean maximum in August (28 ºC) and a lowest mean minimum in January (4.4 ºC). The area is thus under a Mediterranean pluviseasonal-oceanic bioclimate. Coastal marshes in the Llobregat delta belong to the dry coastal type (ADAM 1993) .
The study was conducted in the southern hemi-delta of the Llobregat river (Llobregat delta hereafter), south of the city of Barcelona (Catalonia, NE Spain; Fig. 1 ). This area (7,000 ha) has undergone major land transformations during the last 50 years, including both ecosystem degradation and natural restoration. Marshlands and fi xed dunes account for only 13% of the total land cover.
We created a sampling network comprising 43 sampling points distributed across four sites in the Llobregat delta marshes: Magarola, Ricarda, Can Sabadell and Reguerons (Fig. 1) . According to PINO et al. (2006) Magarola and Ricarda are stable sites (longstanding natural areas) and Can Sabadell and Reguerons are semi-stable sites (abandoned and spontaneously restored since 1956). Ricarda and Magarola also share a similar position, since both are located close to the shoreline, although the former has important freshwater inputs whereas the latter is more heavily infl uenced by seawater. Can Sabadell and Reguerons are located 2 km away from the shoreline; the former includes some patches of saline soil, while the latter may be considered mesohaline.
In each site we set up 6-18 sampling points randomly distributed among the three main vegetation types (reedbeds, rushbeeds and halophytic shrubs). Distance between points was at least 20 m. At each sampling point we recorded the species composition and abundance in one circular area of 2 m radius (12.56 m 2 ), using the Braun-Blanquet method (BRAUN-BLANQUET 1979) . Species were identifi ed according to BOLÒS et al. (2005) . Each sampling point was equipped with a vertically sunk PVC pipe, of 1.5 m in length (reaching 1.3 m in depth) and 32 mm in diameter. In order to monitor the hydrologic conditions, the level and the conductivity of the water table were measured monthly at each point from December 2004 to December 2006. During 2005, samples were also taken every 3 months from the top 20 cm of soil, in order to monitor soil variables.
This gave a dataset of 45 relevés, each with precise information on hydrological and edaphic conditions and their yearly dynamics. In order to obtain a balanced design suitable for the statistic analyses detailed below, 8 of these sampling points where discarded using a random selection process within the overrepresented communities. For more details on sampling and analytical methods see BATRIU et al. (2011) .
Phytosociological and statistical analyses
The relevés were classifi ed to alliance level according to previously published information from vegetation studies dealing with the Llobregat delta (BECH & HERNÁNDEZ 1976; BOLÒS 1962) or with nearby coastal marshes such as the Ebre delta (CURCÓ 2003) and Empordà marshes (GESTI 2006) . The phytosociological scheme and nomenclature follows RIVAS-MARTÍNEZ et al. (2001) .
Once classifi ed, principal component analyses (hereafter PCA) were performed on the relevés to assess the reliability of the classifi cation obtained (LEGENDRE & GAL-LAGHER 2001) . We transformed the abundance/dominance 6-grade values of the species using the ordinal transformation described by VAN DER MAAREL (1979) . The resulting matrix was distance-emulating transformed (LEGENDRE & GALLAGHER 2001 ) using the Hellinger distance in order to avoid the effect of null abundance in the PCA ordination. All the above analyses were performed using the GINKGO package (DE CÁCERES et al. 2007 ).
We performed a generalized linear mixed model (hereafter GLMM) using a gaussian error, taking the alliance type as the fi xed factor and site as the random factor. The environmental variables used were those identifi ed as being most important for plant distribution by BATRIU et al. (2011) using the same dataset, namely mean level of the water table (hereafter water table) , maximum conductivity of the water table (hereafter conductivity), and mean Sodium Adsorption soil Ratio (hereafter SAR). To test the importance of alliance type as predictor of environmental variables that determine plant distribution, we compared the full model with a model without any fi xed factor but only site as random effect. These comparisons were done through an ANOVA test using Chi squared distribution as recommended by CRAWLEY (2007). To as- sess the importance of site factor in environmental variables we calculated the percentage of variance explained for this factor. Finally, to compare alliances between them, these vegetation types were used as a priori contrast in the models analyzed thought GLMM. For the effects of a priori contrast, |t|>2 was considered signifi cant at any degree of freedom (CRAWLEY 2007) . We performed all these statistical analyses using R 2.4.1 (R DEVELOPMENT CORE TEAM 2009), and GLMM using the function lmer of the package lme4 version 0.99375-31 (BATES et al. 2008) .
Results
According to previously published phytosociological information, the relevés belonged to three different alliances, each included in a distinct vegetation class ( The fi rst three axes of the PCA ordination explained 60.2% of the variance found in the fl oristic relevés. These three axes were mainly correlated with the abundance of fi ve species: Arthrocnemum fruticosum, Juncus maritimus, Phragmites australis, Spartina versicolor and Juncus acutus (Fig. 2) . Axis 1 was mainly correlated with A. fruticosum, P. australis and J. maritimus and explained 29.2% of variance; axis 2 was mainly correlated with J. acutus and A. fruticosum and explained 20.2% of variance; and axis 3 was mainly correlated with S. versicolor and P. australis and explained 10.8% of variance. According to these three axes, the Salicornion and the Phragmition relevés formed two relatively well delimited groups, whereas the Juncion relevés formed a more disperse, apparently heterogeneous group. A further PCA of the Juncion plots showed the main role played in this distribution by three potentially dominant species, namely Juncus acutus, J. maritimus and Spartina versicolor (Fig.  3) .
In the GLMM, the majority of the water table variance was associated with site (Table 2 ). In contrast, the percentage of explained variance of conductivity and SAR values associated with site were 36% and less than 1% respectively (Table 2) . Alliance factor had a signifi cant (p < 0.05) effect on the residual variance of all three variables, and signifi cant differences between alliances were also observed (Table 3) . Conductivity and mean SAR were signifi cantly higher in the Salicornion stands than in the Phragmition or Juncion ones, and the Phragmition stands had a higher water table than the Juncion and Salicornion stands (Table 3 , Fig. 4 ).
Discussion
Vegetation units and environmental gradients
The hierarchy of phytosociological classifi cation allows formal vegetation generalizations and comparisons. However, according to WEBB (in ADAM 1993) the relationships between communities would be best expressed in a multidimensional classifi cation refl ecting a number of fl oristic (and, by implication, environmental, biotic or historic) gradients. It may be argued that it is not the aim of the phytosociological method to refl ect environmental gradients. However, clear differences in environmental conditions between distinct phytosociological units have been noted in many vegetation types, as previously stated.
Previous studies have associated Salicornion with high values of soil conductivity (ALVAREZ ROGEL et al. 2001; MOLINA et al. 2003) , Juncion with intermediate values (MOLINA et al. 2003) and Phragmition with low ones (BURDICK et al. 2001; MOLINA et al. 2003) . Our results partially agree with this pattern, since Salicornion stands had clearly higher values of conductivity and SAR than Juncion and Phragmition stands. However, the range of conductivity and SAR exhibited by Juncion stands overlapped with that occupied by those of Phragmition. Thus only Salicornion can be used as a reliable predictor of high water table conductivity and adverse ionic soil conditions.
In terms of the water table, the predictive value of alliances was signifi cant in our case, although we cannot rule out the possibility that most of the variation in this factor was due to the site factor. According to MOLINA et al. (2003) Phragmition stands are widespread over lagoons and irrigation ditches, where they experience a longer fl ooding period than Juncion maritimi and Salicornion communities. However, HASLAM (1970) reported that Phragmites stands (attributed to Phragmition) can also thrive in places where the depth of the water table exceeds 1 m. Our results encompass these two contrasting situations. So, although the mean level of water table was signifi cantly higher in Phragmition than in the other alliances studied, the site factor had a strong effect upon this parameter in areas in which the Phragmition stands were found. Thus, a given Phragmition stand cannot be used as a good predictor of the water table level. Effect of the factor alliance tested through ANOVA between a GLMM with alliance as the fi xed factor and site as the random factor, and a GLMM only with site as the random factor. The two last columns show the percentage of variance of site factor, and the residual percentage of the simplifi ed GLMM ( + percentage of variance < 0.001%, * p < 0.05, *** p < 0.001). 
Implications for understanding vegetation
The substantial percentage of variance related to site factor in some ecological variables means that the distribution of vegetation units along some ecological gradients may be a consequence of historical factors. Although determining the relationship between these historical aspects and vegetation composition was beyond the capacity of our experimental design, we have a number of related comments, as discussed below. The importance of the site factor for the saline gradient was negligible, as shown by the clear association between the upper part of this gradient and the Salicornion stands. This may imply that the setting of these stands is not affected by the surrounding Phragmition or Juncion stands, but depends on diaspore availability and the further development of Salicornion species.
Unlike the saline gradient, the response to the water table gradient was greatly affected by the site factor, with Phragmition and Juncion exhibiting the most variation along this gradient. Given the noticeable overlap between these alliances on the water table gradient, one may ask why Phragmition and Juncion stands occupied such different niches at different sites at similar points on this gradient.
P. australis exhibits a low level of fl oral fertility and seedling establishment (ISHII & KADONO 2002) , although this does not seem to restrict its capacity for colonization (PINO et al. 2009 ). This species is able to re-colonize gaps that arise through disturbance events thanks to its clonal growth. It creates a canopy that shades other marsh plants and also modifi es the habitat by increasing the accumulation of plant litter and by altering the physicochemical conditions of the soil (MEYERSON et al. 2000; MINCHINTON et al. 2006; SELISKAR et al. 2004 ). Thus, the common reed is in most cases able to engineer the environment to exclude other species that would otherwise be highly competitive. This phenomenon is considered a positive feedback mechanism, and is common in spontaneous succession and restoration processes (KLÖTZLI & GROOTJANS 2001). This mechanism of competitive exclusion may produce almost monospecifi c stands in distinct environmental conditions (e.g. contrasting ranges of water table level). In these cases phytosociology cannot fi nd distinct units in varying environments because of the lack or scarcity of differential taxa. The same limitation applies in other plant communities dominated by clonal species such as Juncus subnodulosus, J. effusus, Carex fusca and Molinia coerulea (e.g. RODWELL 1991, GRAB-HERR & MUCINA 1993).
As previously stated, Juncion stands exhibit fl oristic divergence, which makes them a heterogeneous group (Fig. 3) . This is primarily due to the varying degrees of dominance of J. acutus, J. maritimus and S. versicolor, which is associated with different levels of water table (BATRIU et al. 2011) . In fact, some of these differences have been described for different phytosociological ranks. J. maritimus and S. versicolor stands belong to Spartino-Juncetum maritimi O. Bolòs 1962, an association including two subassociations defi ned by the dominant species (spartinetosum O. Bolòs 1962, dominated by Spartina versicolor; and Juncetosum maritimi O. Bolòs 1962, dominated by Juncus maritimus). Stands dominated by J. acutus are frequently diffi cult to attribute to any phytosociological association and even alliance, because this rush is a rather ubiquitous species; they are mostly included in Juncetalia maritimae, but in some cases they have been linked to Holoschoenion. According to GESTI & VILAR (2003) our J. acutus stands may belong to the association Spartino-Juncetum maritimi, thus being considered a consequence of disturbance in J. maritimus stands, or may belong to the association Elymo curvifolii-Iridetum spuriae (Rivas-Martínez) Cirujano 1981, a rush formation that occupies less waterlogged soils than J. maritimus stands. Our J. acutus stands certainly appeared to be associated with disturbance because they were found as dominant formations in semi-stable localities, but these localities also had a lower water table. So in this case, as in P. australis stands, both environmental and historical factors may be responsible for the presence of J. acutus stands. However, in contrast to reed stands, J. acutus stands exhibited some species divergence from the other Juncion stands. They can thus be distinguished as a subassociation within Spartino-Juncetum maritime, based on vegetation dynamics.
The three alliances considered herein are relatively similar in various aspects, at least within the study area. All are related to one or another stress factor, are characterized by a few species, and show equivalent distribution patterns in the landscape. For these reasons, and according to the assumption that the alliance level corresponds to a particularly good ecological descriptor (TERRADAS 2001) , these alliances could be expected to refl ect the main operating ecological gradients relatively well. However, as in other hierarchical classifi cation methods, the diversity of communities within the units of the same phytosociological level (i.e. alliance) is not always equally balanced. In our case study, the Juncion alliance is fl oristically more diverse and heterogeneous across sites. Thus, unlike Salicornion and Phragmition, our Juncion stands can be divided into distinct lower vegetation units, which thrive under different abiotic conditions.
Moreover, most phytosociological sampling and the described vegetation units refl ect semi-natural, relatively well-preserved habitats (PINO et al. 2009 ), while strongly altered landscapes are now widespread. The case discussed herein refl ects a few of the problems with which phytosociology has to deal when applied to man-altered landscapes. In many cases phytosociology states an eventual monoclimax after facilitation succession models like those of Connell and Slatery (KREBS 2001) . However, a polyclimax approach seems more realistic in most altered landscapes, according to the climax pattern hypothesis of Whittaker (KREBS 2001) . In this approach communities are viewed as the product of multiple circumstances, including historic factors such as disturbance events, lottery effects in colonization, and inhibitory processes from established dominant species. This is particularly true in coastal marshes where unexpected stable plant formations appear during succession (ADAM 1993; KLÖTZLI & GROOTJANS 2001 ). In our case study, the alliances overlapping along some segments of the environmental gradients may be understood as polyclimax phenomena in these segments.
Concluding remarks
Within a given landscape, the phytosociological classifi cation at the alliance level partially refl ects the most important operating gradients in the area studied, i.e. the salinity gradient and associated effects. However, this hierarchical system cannot refl ect other operating gradients, mainly because of (i) the different fl oristic diversity between different alliances, and (ii) the inability to differentiate distinct vegetation units from near-monospecifi c stands of the same species, thriving in different environments.
Both problems are intrinsic limitations of the method, but the system could be improved if more attention were paid to dominant vegetation formations in disturbed areas, through accurate sampling of traditional relevés together with ecological data. Although studying the mechanisms operating in vegetation dynamics was beyond the scope of this work, we conclude that these factors cannot be ignored in any vegetation study or restoration planning and monitoring. In our case, the initial species pool or the plant dispersal capacity of some vegetation types (e.g. Phragmition or Salicornion) seem to have driven the vegetation dynamics in the spontaneous restoration of marshlands on the Llobregat delta.
Appendix. Alliance tables with the relevés taken from the four sites (Ma, Magarola; Ri, Ricarda; Sa, Can Sabadell; Re, Reguerons; see Figure 1 for location). 
Juncion maritimi
